Starved animals often exhibit elevated locomotion, which has been speculated to partly resemble foraging behavior and facilitate food acquisition and energy intake. Despite its importance, the neural mechanism underlying this behavior remains unknown in any species. In this study we confirmed and extended previous findings that starvation induced locomotor activity in adult fruit flies Drosophila melanogaster. We also showed that starvationinduced hyperactivity was directed toward the localization and acquisition of food sources, because it could be suppressed upon the detection of food cues via both central nutrient-sensing and peripheral sweet-sensing mechanisms, via induction of food ingestion. We further found that octopamine, the insect counterpart of vertebrate norepinephrine, as well as the neurons expressing octopamine, were both necessary and sufficient for starvationinduced hyperactivity. Octopamine was not required for starvation-induced changes in feeding behaviors, suggesting independent regulations of energy intake behaviors upon starvation. Taken together, our results establish a quantitative behavioral paradigm to investigate the regulation of energy homeostasis by the CNS and identify a conserved neural substrate that links organismal metabolic state to a specific behavioral output.
Starved animals often exhibit elevated locomotion, which has been speculated to partly resemble foraging behavior and facilitate food acquisition and energy intake. Despite its importance, the neural mechanism underlying this behavior remains unknown in any species. In this study we confirmed and extended previous findings that starvation induced locomotor activity in adult fruit flies Drosophila melanogaster. We also showed that starvationinduced hyperactivity was directed toward the localization and acquisition of food sources, because it could be suppressed upon the detection of food cues via both central nutrient-sensing and peripheral sweet-sensing mechanisms, via induction of food ingestion. We further found that octopamine, the insect counterpart of vertebrate norepinephrine, as well as the neurons expressing octopamine, were both necessary and sufficient for starvationinduced hyperactivity. Octopamine was not required for starvation-induced changes in feeding behaviors, suggesting independent regulations of energy intake behaviors upon starvation. Taken together, our results establish a quantitative behavioral paradigm to investigate the regulation of energy homeostasis by the CNS and identify a conserved neural substrate that links organismal metabolic state to a specific behavioral output.
Drosophila | starvation | foraging | octopamine T he CNS plays an essential role in energy homeostasis (1) . It actively monitors changes in the internal energy state and modulates an array of physiological and behavioral responses to enable energy homeostasis. Foraging behavior is critical for the localization and acquisition of food supply and hence energy homeostasis. It has been extensively documented both in ethological settings (2, 3) and under well-controlled laboratory conditions (4) . Laboratory rodents with limited food access exhibit stereotypic food anticipatory activity (FAA) several hours before the mealtime, which is characterized by a steady increase in locomotion and other appetitive behaviors (5) . The neural substrate that drives FAA still remains elusive (5, 6) . Notably, the regulation of FAA seems to be dissociable from that of feeding behavior (7, 8) . These results hint at the presence of an independent and somewhat discrete regulatory mechanism of foraging behavior.
Foraging behavior has also been extensively studied in invertebrate species such as the roundworm Caenorhabditis elegans (9) and fruit flies Drosophila melanogaster (10) . Roundworm populations exhibit two naturally emerged foraging patterns: "solitary" worms disperse across the bacterial lawn, and "social" worms aggregate along the food edge and form clumps (9) . This behavioral dimorphism is controlled by natural variations of the npr-1 (neuropeptide receptor resemblance) gene that encodes a receptor homologous to the receptor family of orexigenic neuropeptide Y in mammals (9) . A comparable scenario has also been identified in larval fruit flies (10) , with two distinct forms of foraging present in nature: "rover" and "sitter." On food sources, sitter but not rover reduces moving speed for feeding (11) . Natural variations of a single gene named foraging that encodes a cGMPdependent protein kinase are responsible for this behavioral dimorphism (10) . It remains unclear, however, whether the foraging strategies outlined above are driven by animals' metabolic state, and if so whether npr-1 and foraging are involved (4) . It is worth noting that both the roundworm and fruit fly larvae are continuous feeders. It is therefore difficult to disassociate the effect of the internal energy state on foraging behavior from that of acute change in food availability.
In this present study, we sought to characterize foraging behavior in an intermittent feeder, the adult fruit fly. We confirmed that starved flies exhibited robust and sustained increase in their locomotor activity and provided evidence that it partly resembled foraging behavior. Furthermore, we found octopamine, a biological amine structurally related to vertebrate norepinephrine with similar physiological roles, both necessary and sufficient for starvation-induced hyperactivity. To summarize, our results reveal a highly conserved neural mechanism that promotes locomotion upon starvation, shedding important light on the regulation of foraging behavior by the CNS.
Results
Starvation Induces Hyperactivity of Adult Flies. We first examined the locomotor effect of food deprivation in adult flies. To do so, we adapted an assay in which fly locomotion was indirectly measured by the flies' frequency to cross the midline of tubes (Fig. 1A) (12) . In the presence of sucrose, wild-type Canton-S flies exhibited a characteristic and relatively stable locomotor profile (Fig. 1B, dark blue) . In contrast, flies showed incremental increase in locomotor activity following food deprivation (Fig.  1B , light blue and SI Appendix, Fig. S1 ). For a more quantitative
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1417838112/-/DCSupplemental. measure of this behavioral effect, we compared the average locomotor activity of flies for a 2-d time window upon food deprivation (Fig. 1B, red line) and found that food-deprived flies showed a significant increase in locomotion compared with sucrose-fed flies (Fig. 1C) . This observation was consistent with several previous reports (13) (14) (15) (16) . Moreover, this behavioral effect was independent of the light entrainment of circadian rhythm (SI Appendix, Fig. S2 ).
We next sought to confirm this behavioral effect by using a more direct measure of the locomotor activity of fruit flies (17) . We preincubated flies for ∼36 h either in the presence or absence of sucrose, respectively, and videorecorded and analyzed their activity in small behavioral chambers (Fig. 1D) . We plotted the average spatial distribution of flies and found that fed flies tended to stay quiescent compared to food-deprived flies (Fig. 1E ). In agreement with this observation, food-deprived flies exhibited consistently higher walking velocity than fed flies (Fig. 1F) .
Hyperactivity upon food deprivation may be induced by starvation, or alternatively, by acute removal of food cues. The latter seemed unlikely because food deprivation did not induce hyperactivity immediately (Fig. 1B, night 0 and SI Appendix, Fig.  S1 ). To further distinguish between these two alternatives, we assayed flies on different sucrose concentrations ( Fig. 1 G and  H) . We found that flies showed comparable locomotor activity on sucrose mediums that could support their survival, but hyperactivity on media that could not support survival ( Fig. 1 G and H, 5.0, 1.0, and 0.5% sucrose vs. 0.1 and 0% sucrose). Notably, all these sucrose concentrations fall within the dynamic range of the sweet-sensing gustatory neurons of fruit flies (18) , and hence can likely be discriminated by flies. Taken together, these results suggest that hyperactivity induced by food deprivation is more likely a starvation response than a gustatory response (see next section).
Food Cues Suppress Starvation-Induced Hyperactivity. Starvationinduced hyperactivity of adult flies has been thought to resemble foraging behavior in laboratory conditions (13) (14) (15) (16) . However, it can also be a nonforaging response, e.g., a stressful response to starvation. We therefore asked whether starvation-induced hyperactivity could be suppressed and even reversed upon the detection of food cues, which distinguished these two possibilities.
Animals are able to evaluate food quality based on both the nutrient content and the palatability (e.g., sweetness) (19) . We first asked whether starvation-induced hyperactivity could be suppressed by nutrient supply in the absence of sweet taste. Sorbitol is a nutritious yet tasteless substrate to flies (20, 21) . Wild-type flies exhibited comparable locomotor activity on sucrose vs. sorbitol ( Fig. 2 A and B and SI Appendix, Figs. S3 and S4), suggesting that nutrient supply alone is sufficient to suppress starvation-induced hyperactivity. Taste-independent nutrientsensing mechanisms have been reported in fruit flies (19, 22) . Specifically, a recent report has shown that SLC5A11, a brainspecific sodium/solute cotransporter, mediates the evaluation of nutrient content by the CNS (23) . We found that ΔSLC5A11 mutant flies exhibited comparable hyperactivity on sorbitol and on agar ( Fig. 2 C and D and SI Appendix, Fig. S3 ), suggesting that sorbitol suppresses starvation-induced hyperactivity via a central nutrient-sensing mechanism that involves SLC5A11.
We next asked whether starvation-induced hyperactivity could also be suppressed by palatable food with no nutritional value. Arabinose tastes sweet to flies but nevertheless is nonnutritious and cannot support flies' survival (20) (SI Appendix, Fig. S3 ). We found that starved flies did not exhibit hyperactivity in the presence of arabinose ( Fig. 2 E and F and SI Appendix, Fig. S4 ), suggesting that the palatability of food is sufficient to suppress starvation-induced hyperactivity. Consistently, two other palatable sugars we tested, L-glucose (20) and sucralose (24) , could also suppress starvation-induced hyperactivity (SI Appendix, Figs. S5 and S6). Flies mutated for gustatory receptors Gr5a and Gr64a are unresponsive to most sugars (18) , including arabinose (SI Appendix, Fig. S7 ). We found that arabinose was unable to suppress starvation-induced hyperactivity in ΔGr5a; ΔGr64a double mutant flies ( Fig. 2 G and H), suggesting that arabinose suppresses starvation-induced hyperactivity through peripheral sweet-sensing gustatory neurons. Consistent with these results, arabinose failed to suppress starvation-induced hyperactivity in taste-insensitive pox neuro mutants (22, 25) (SI Appendix, Fig. S8 ).
Both nutritious and palatable food cues can initiate feeding behavior and fluid ingestion. It has been shown that changes in osmolarity after food ingestion is an important satiety signal (26) . We therefore asked whether fluid ingestion is a critical step for both types of food cues to suppress starvation-induced hyperactivity. Mutant flies with overfeeding and overingestion phenotypes exhibit normal starvation-induced hyperactivity (27) . Consistently, we found that certain concentrations (e.g., 200 mM) of sorbitol failed to suppress starvation-induced hyperactivity, but could nevertheless support fly survival, which must be accompanied Student's t test (C) and one-way ANOVA (F and H) were applied for statistical analysis. NS, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
by adequate fluid ingestion (SI Appendix, Fig. S9 ). These results suggest that fluid ingestion is not sufficient to suppress locomotion. Meanwhile, we found that fluid ingestion was required for the suppression of starvation-induced hyperactivity. We waxed the tips of proboscises to prevent the flies from actual fluid intake, but not the engagement of the proboscises' extension behavior, and found that after the surgery, arabinose could not suppress the hyperactivity of these flies under starvation conditions ( Fig. 2 I and J) . Taken together, these data suggest that fluid ingestion following the recognition of food cues may be an important step toward locomotor suppression, further supporting a role of elevated locomotion to facilitate the acquisition of food sources upon starvation. Fluid ingestion likely changes both hemolymph osmolality and mechanic tension of the gastrointestinal tract, both of which have been shown to modulate satiety and food intake (26, 28) . It is therefore of interest to examine whether the same mechanisms also mediate the suppression of fly locomotion.
Octopamine Mediates Starvation-Induced Hyperactivity. We next sought to investigate the neural mechanism of starvation-induced hyperactivity, which remained unclear in any animal species. Octopamine, the insect counterpart of vertebrate norepinephrine (29) , serves as a plausible candidate. Studies in the cockroach Periplaneta americana showed that a subset of octopaminergic neurons can be activated by adipokinetic hormone, a starvationinduced, locomotion-stimulating hormone (30) , implying a role of octopamine in starvation-induced changes in locomotion. Consistent with this observation, food deprivation promotes locomotor activity and synaptopod formation in fly larvae via octopamine signaling (31) . It was unknown, however, whether octopamine was necessary or sufficient for starvation-induced hyperactivity.
We therefore tested whether octopamine signaling was required for starvation-induced hyperactivity in adult flies. We found that mutant flies carrying a null allele of tyramine betahydroxylase (TβH) (32), a key enzyme for the biosynthesis of octopamine, showed no increase in locomotor activity upon starvation, which was in sharp contrast to wild-type Canton-S flies ( Fig. 3 A and B) . This phenotype of TβH M18 mutant flies was unlikely a result of motor deficits, because TβH M18 mutant adults showed comparable locomotor activity to Canton-S controls under fed conditions ( Fig. 3 A and B) . This phenotype was also an unlikely result of enhanced starvation resistance, because TβH M18 mutant flies exhibited similar starvation-induced metabolic responses to Canton-S controls (SI Appendix, Fig. S10 ). Restoring TβH expression in octopaminergic/tyraminergic neurons in TβH M18 mutants partially but significantly rescued starvation-induced locomotion (SI Appendix, Fig. S11 A and B) . In addition, panneuronal knockdown of TβH gene expression by RNA interference also eliminated starvation-induced hyperactivity (SI Appendix, Fig. S12 ). Both results further support the function of TβH in starvation-induced hyperactivity.
TβH catalyzes the rate-limiting step of octopamine biosynthesis in which tyramine is converted to octopamine (32) . It is therefore possible that the lack of starvation-induced hyperactivity in TβH M18 mutants may result from increased tyramine level rather than from lack of octopamine. To distinguish between these two possibilities, we tested mutant flies carrying a null allele of tyrosine decarboxylase 2 (Tdc2), an enzyme essential for the biosynthesis of tyramine in neurons (33) . Tdc2 RO54 mutants are therefore incapable of synthesizing both tyramine and octopamine in neurons. We found that like TβH M18 mutants, Tdc2 RO54 mutant flies exhibited largely eliminated starvationinduced hyperactivity (Fig. 3 C and D) and that feeding Tdc2 RO54 mutant flies with synthetic tyramine restored this behavioral response (SI Appendix, Fig. S11 C and D) . These results argue that the lack of octopamine, but not excessive tyramine, is responsible for abolished starvation-induced hyperactivity in TβH M18 mutant flies. Notably, unlike TβH M18 mutants, Tdc2 RO54 mutants showed reduced locomotor activity under fed conditions compared with Canton-S controls (Fig. 3 C and D) , suggesting that tyramine biosynthesis is required for the general motor behavior of adult flies.
We next tested whether inhibition of neurons that synthesized octopamine eliminated starvation-induced hyperactivity. To do so, we ectopically expressed a potassium channel Kir2.1 (34) in octopaminergic/tyraminergic neurons (35) under the control of the TARGET system (36) . Acute inhibition of these neurons by nonpermissive temperature blocked the effect of starvation to promote locomotor activity (Fig. 3 E and H) , whereas the same genotype assayed at permissive temperature showed significantly increased locomotor activity upon starvation (Fig. 3 G and H) . In addition, two control genotypes both showed significant starvation-induced hyperactivity at nonpermissive temperature ( Fig. 3  F and H) . Taken together, neuronal silencing of octopaminergic/ tyraminergic neurons abolished starvation-induced hyperactivity. Error bars represent SEM. One-way ANOVA (B, D, F, H, and J) was applied for statistical analysis. NS, P > 0.05; **P < 0.01; ****P < 0.0001.
To test whether octopaminergic neurons played a permissive or instructive role in starvation-induced hyperactivity, we examined the behavioral effect of acute activation of octopaminergic/ tyraminergic neurons in fed flies in the presence of sucrose by ectopic expression of a temperature-sensitive cation channel Drosophila TRPA1 (37) . These flies showed a significant increase in locomotion when the environmental temperature was ramped up from 20°C to 27°C, which activated TRPA1 and hence octopaminergic/tyraminergic neurons ( Fig. 3 I and J, red) . This observation is in agreement with the wakefulness-promoting effect of octopamine signaling (38) . Control genotypes did not increase their locomotion upon temperature shift (Fig. 3 I and J, blue and green). Therefore, the results suggest that activation of octopaminergic/tyraminergic neurons is sufficient to drive locomotor increase in fed flies, resembling the effect of starvation on locomotion. Furthermore, neural activation of the same set of neurons in the absence of TβH gene expression did not induce hyperactivity (SI Appendix, Fig. S13 ), suggesting that octopaminergic neurons, but not tyraminergic neurons, are responsible for the hyperactivity phenotype.
Octopamine Is Not Required for Starvation-Induced Changes in
Feeding Behavior. Octopamine may be the master regulator of multiple starvation-induced behavioral responses. Alternatively, octopamine may be specifically involved in the regulation of locomotion by starvation, whereas distinct neural substrates mediate the regulation of different starvation-induced behaviors. We therefore examined whether octopamine signaling was required for starvation-induced changes in feeding behavior.
Fruit flies use both nutrient-and taste-sensing mechanisms to evaluate and choose among potential food sources (19, 22) ; and whereas fed flies mostly choose food sources based on sweetness, the preference of starved flies shifts toward nutritious food (19) . We developed a simple and quantitative feeding preference assay, in which a group of flies was allowed to choose between two food sources containing either D-glucose or L-glucose (Fig. 4A) . D-glucose and L-glucose evoke similar physiological responses in gustatory sensory neurons, whereas D-glucose but not L-glucose is nutritious and can support the survival of fruit flies (20) . We found that fed Canton-S flies exhibited no preference between the two food sources, whereas they quickly established robust preference for D-glucose over L-glucose upon starvation (Fig.  4B) . The data confirm that starvation induces a feeding preference toward a nutritious food source (19) . TβH M18 mutant flies exhibited comparable responses as Canton-S flies under both fed and starved conditions (Fig. 4B) , suggesting that octopamine is not required for elevated feeding preference toward nutritious food upon starvation. Notably, starved TβH M18 mutants seemed to take a longer time to establish such preference (Fig. 4B, 10 min) . This delay was likely a consequence of the lack of starvationinduced hyperactivity of TβH M18 mutants (Fig. 3 A and B) , because the mutants showed no deficit in locating and occupying food sources (SI Appendix, Fig. S14 ).
We next asked whether octopamine signaling played a role in starvation-induced food intake. In fruit flies, it has been shown that starvation increases the likelihood of proboscis extension reflex (PER) to sucrose, a behavioral component of feeding initiation (39) . We found that TβH M18 mutant flies showed comparable PER responses to Canton-S controls under both fed and starved conditions (Fig. 4C) . Starved flies have also been shown to consume more food than fed flies (40) . We monitored food consumption of individual flies fed from a fluid-filled capillary. This feeding assay uses immobilized flies and minimizes the potential influence of altered locomotion by starvation, making it more suitable to measure the food consumption of TβH M18 mutant flies (Fig. 4D) . We found that food consumption of TβH M18 mutant flies was comparable to controls under both fed and starved conditions (Fig. 4E) . Taken together, these results suggest that octopamine signaling is not required for elevated likelihood to initiate feeding and increased food consumption upon starvation.
Discussion
Upon starvation, animals exhibit increased feeding and foraging behaviors, which in turn increases energy intake and restores energy homeostasis. The neural mechanism of feeding behavior, particularly how feeding is regulated by metabolic signals, has been extensively studied in both rodents and insect species (1, 41) . In contrast how organismal metabolism influences foraging remains largely unclear (4) .
In this present study, we aimed to establish a behavioral paradigm for foraging behavior and to study how it is regulated by starvation. It has been reported that starvation induces hyperactivity in both rodents and fruit flies (5, 13), but its relationship 
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with foraging was unclear. We first confirmed that starvation induced a robust and sustained increase in locomotion in adult fruit flies (Fig. 1) . Furthermore, we found that starvationinduced hyperactivity could be suppressed upon the detection of nutritious substrate via an internal energy sensor SLC5A11 (Fig.  2 A-D) , as well as the detection of food palatability via sweetsensing gustatory neurons expressing Gr5a and Gr64a (Fig. 2  E-H) . We also showed that although food intake per se was not sufficient to drive the suppressive effect on locomotion, nutrient/ sweetness-induced fluid ingestion was indeed required (Fig. 2 I  and J) . In addition, our data showed that mutant flies with a deficit in starvation-induced hyperactivity took longer time to locate and occupy desired food sources (Fig. 4B) . Collectively, we conclude that starvation-induced hyperactivity in adult flies resembles foraging behavior in laboratory conditions, because it is directed toward and facilitates the localization and acquisition of food. This set of behavioral assays therefore offers a platform and an entry point to further dissect the neural basis of this evolutionarily conserved and critical behavior. By using the foraging assay described above, we found octopamine, the insect counterpart of vertebrate norepinephrine (29) , both necessary and sufficient for starvation-induced hyperactivity (Fig. 3) . In fruit flies, octopamine is only synthesized and released in a small number of CNS neurons (∼100-150 neurons per fly) (35, 42) . Therefore, the findings presented in this study offer a clear entry point to further dissect the neural circuitry that underlies foraging behavior in fruit flies. In addition, it is of obvious interest to examine whether norepinephrine is also involved in locomotor responses to starvation in rodents, such as FAA.
Tyramine is the precursor of octopamine synthesis and itself can also function as a neurotransmitter in insects (29) . In the present study, we excluded the possibility that tyramine alone was either necessary or sufficient for starvation-induced hyperactivity ( Fig. 3 and SI Appendix, Fig. S14 ). However, we have not excluded the possibility that octopamine and tyramine work in a synergistic way to regulate this behavior. Fruit flies express several receptors that are sensitive to both octopamine and tyramine in vitro (29, 43) , which serves as a potential "hub" to integrate octopamine and tyramine signaling in vivo. Future research is needed to clarify the role of octopamine and tyramine in starvation-induced hyperactivity.
Octopamine plays an important role in the regulation of a variety of fly behaviors, such as sleep (38) , learning (44) , and aggression (45) . It is of interest to investigate whether and how different subsets of octopaminergic neurons modulate different behaviors in flies (45, 46) . Meanwhile, it is noteworthy that many of these behaviors regulated by octopamine signaling have a locomotor component. It is therefore plausible that the octopamine system may function as a general "arousal" center, modulating physical activity of flies in response to external/internal cues such as circadian rhythm, conspecific chemosensory stimuli, and metabolic signals.
Despite its importance in starvation-induced hyperactivity, we found that octopamine was not required for starvation-induced changes in feeding behavior (Fig. 4) . These findings argue for independent regulations of multiple starvation-induced behavioral responses. Consistent with this idea, rodent studies have shown that several aspects of foraging behavior (e.g., FAA and food hoarding) do not require the genes (8) and brain regions (7) that are important for feeding control. In contrast, activating hypothalamic neurons expressing neuropeptide Y and agoutirelated peptide promotes both feeding and locomotion (47) , suggesting that feeding and foraging pathways converge at some point. It is therefore important to study whether there exists a common "hunger" center in the CNS that coordinates various starvation-induced behaviors or whether different neural mechanisms independently sense changes in the metabolic state and modulate energy homeostasis.
Materials and Methods
Flies. Flies stocks were kept in vials containing standard fly medium made of yeast, corn, and agar at 25°C and 60% humidity and on a 12-h light:12-h dark cycle if not otherwise indicated. For most experiments, virgin female flies were collected shortly after eclosion and kept in groups (10 flies per vial) for 3-5 d before experiments. TβH M18 and Tdc2 RO54 mutant strains were outcrossed to Canton-S background for several generations to minimize the effect of genetic background on behaviors. Wild-type white gene was also incorporated into the mutant strains to minimize the effect of white gene expression and eye color on fly behaviors. Error bars represent SEM. Two-way ANOVA (B, C, and E) was applied to test the effect of two independent variables (genotype vs. starvation) on fly locomotion, and statistical significance was identified for both variables (B, C, and E; P < 0.01). Post hoc multiple comparisons were then performed. NS, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
One end of these tubes was filled with 2% (wt/vol) agar medium. Tubes were then inserted and secured in Drosophila activity monitors (DAM2 Fig. 1D ). Flies were allowed to acclimate in recording chambers for 1 h, and then their activity was recorded for 2 h by a camcorder placed on top of recording chambers. Video clips were then analyzed by CADABRA software (17) .
Other Behavioral Assays. PER. PER was assayed as described previously (39) . Briefly, sucrose-fed and starved flies were gently aspirated and mounted into Pipetman tips (200 μL).
Flies were first fed with water until satiety and then subjected to stepwise increasing concentrations of sucrose. Each sucrose concentration was tested twice, and flies showing PER to at least one of the two trials were considered positive to that concentration. Food consumption. Flies were prepared and water was satiated as for PER assays. A graduated micropipette (VWR, 53432-604) filled with 800 mM of sucrose solution and 5% blue dye was presented to the proboscises of flies and the flies were allowed to drink until they became unresponsive to 10 serial sucrose stimuli. Food consumption was calculated based on volume change before vs. after feeding.
Statistical Analysis. Data presented in this study were verified for normal distribution by D'Agostino-Pearson omnibus test. Student's t test (for pairwise comparisons) and one-way ANOVA (for comparisons among more than two groups) were used. If one-way ANOVA detected a significant difference among groups, a post hoc test with Bonferroni correction was performed for multiple comparisons. Two-way ANOVA (and post hoc test if applicable) was applied for comparisons with more than one variant.
